Spin valves have revolutionized the field of magnetic recording and memory devices. Spin valves are generally realized in thin film heterostructures, where two ferromagnetic (FM) layers are separated by a nonmagnetic conducting layer. Here, we demonstrate spin-valve-like magnetoresistance at room temperature in a bulk ferrimagnetic material that exhibits a magnetic shape memory effect. The origin of this unexpected behavior in Mn 2 NiGa has been investigated by neutron diffraction, magnetization, and ab initio theoretical calculations. The refinement of the neutron diffraction pattern shows the presence of antisite disorder where about 13% of the Ga sites are occupied by Mn atoms. On the basis of the magnetic structure obtained from neutron diffraction and theoretical calculations, we establish that these antisite defects cause the formation of FM nanoclusters with parallel alignment of Mn spin moments in a Mn 2 NiGa bulk lattice that has antiparallel Mn spin moments. The direction of the Mn moments in the soft FM cluster reverses with the external magnetic field. This causes a rotation or tilt in the antiparallel Mn moments at the cluster-lattice interface resulting in the observed asymmetry in magnetoresistance. DOI Giant magnetoresistance and tunneling magnetoresistance effects observed in spin valves have completely transformed the technology of magnetic recording [1, 2] . A spin valve has two different resistance states that can be switched by changing the direction of the applied magnetic field, resulting in asymmetric magnetoresistance (MR). Spin valves are obtained in multilayer thin films [3] . But, spin-valve-like behavior in a bulk functional material is unexpected and has not been observed before. In this Letter, we report spin-valve-like MR in a magnetic shape memory alloy (MSMA), Mn 2 NiGa, and discuss its basic origin related to the intricate interplay of magnetism and disorder. MSMAs have emerged as an important class of smart material in recent years because they exhibit interesting physics [4] [5] [6] as well as properties of technological importance, such as large magnetic field induced reversible strain (MFIS) [7, 8] , magnetoresistance [9] [10] [11] , and magnetocaloric effect [12] . Some years back, it was shown by Liu et al. that Mn 2 NiGa exhibits about 4% field controllable MFIS at 1.8 T applied magnetic field [13] . A major advantage of Mn 2 NiGa is its high magnetic ordering temperature (588 K). Powder x-ray diffraction studies showed the presence of a modulated structure in Mn 2 NiGa [14] , which is generally expected for a MSMA that exhibits MFIS [7] . Density functional theory showed that Mn 2 NiGa is ferrimagnetic with antiparallel alignment of Mn spin moments [15, 16] .
Mn 2 NiGa single crystal was grown in the cubic parent phase by the Bridgman method [17] . Polycrystalline ingots of Mn 2 NiGa were prepared in an arc furnace under argon atmosphere by the standard method [14] . MR was measured using a superconducting magnet from Oxford Instruments, Inc., U. K. up to a maximum magnetic field of 8 T. The specimens were cooled in zero field from 300 K and the measurements were performed by varying 0 H (referred to as H henceforth) in the following sequence: 0 to 8 to 0 to À8 to 0 T. MR has been calculated as
, where H and 0 are the resistivities in H and zero field, respectively. Powder neutron diffraction was performed using neutrons of wavelength 1.59 Å at room temperature (RT) at the high resolution neutron diffractometer D2B in Institut Laue-Langevin, Grenoble. The analysis of the neutron diffraction pattern was performed using the FULLPROF software package [18] . The magnetization measurements were performed by means of PPMS-9 T using a vibrating sample magnetometer module and SQUID-VSM (oven option) from Quantum Design, Inc., U.S. The electronic structure calculations have been carried out using the fully spin-polarized relativistic Korringa-Kohn-Rostocker (SPRKKR) method including the coherent potential approximation (CPA) [19] . The calculations have been performed using the PerdewBurke-Ernzerhof generalized gradient approximation [20] with 500 k points in the irreducible Brillouin zone. The CPA tolerance and the energy convergence criterion were set to 10 À5 Ry. An angular momentum expansion up to l max ¼ 3 for each atom type was used.
The field dependence of MR is generally symmetric about the direction of the magnetic field. Intriguingly, in Mn 2 NiGa, an asymmetry in MR around H ¼ 0 [ Fig. 1(a) ] is clearly observed with the reversal of field direction, in close resemblance with that observed for an antiferromagnetic (AFM) tunnel junction reported recently [21] . The asymmetry direction is the direction in which the field is first applied. The MR curves retrace as the field is swept from positive to negative. linearly with field and is governed by the s-d scattering interaction [9, 11] . At 50 and 5 K, although MR is positive up to 8 T, it exhibits a crossover behavior: MR increases up to about 3 T and decreases thereafter. To explain the positive MR, it may be noted that well below the magnetic transition temperature (588 K) the influence of s-d scattering on MR reduces with temperature [11] . Positive MR due to Lorentz contribution could arise if the product of cyclotron frequency and relaxation time is large. This is valid for highly ordered crystals or at very large field. But, in Mn 2 NiGa, considerable disorder exists (as discussed latter), and hence this contribution is ruled out as the origin of positive MR. Rather, application of the magnetic field on antiparallel Mn spins at low temperature introduces spin fluctuations, which increase the resistivity resulting in positive MR. This has been observed earlier in a related Mn excess Ni-Mn-Ga system [10] .
MR for polycrystalline Mn 2 NiGa also exhibits very similar behavior [22] , showing that the asymmetry is neither related to any crystallographic direction nor the grain boundaries hinder this phenomenon. This is very important from the viewpoint of practical application, since polycrystals are obviously less expensive. Furthermore, this effect is not sensitive to stoichiometry, and even nonstoichiometric compositions like Mn 1:7 Ni 1:3 Ga, (T M ¼ 168 K, T C ¼ 550 K) exhibit this effect. However, it is noteworthy that for specimens with relatively less Mn content The saturation magnetization of Mn 2 NiGa at 5 K is about 1:5 B =formula unit (f.u.) [22] , in agreement with earlier studies [13, 23] . The hysteresis loops are narrow with a coercive field of about 8 and 38 mT at 300 and 5 K, respectively [ Figs. 1(e) and 1(f) ]. Generally, the presence of disorder in a metal is reflected by its residual resistivity ratio (RRR), i.e., the ratio of the resistivities at 300 and 5 K. RRR has been used to correlate the influence of antisite disorder on the magnetic properties of Ni-MnGa where it is found to decrease with increasing antisite disorder [24] . For Mn 2 NiGa, RRR for the single crystal (1.4) is marginally higher than the polycrystal (1.3), which indicates that these have comparable antisite disorder [ Fig. 1(g) ]. Note that ÁMR is also similar between the single and the polycrystal [ Fig. 1(d) ]. So, the nature of the disorder might be crucial to understand the intriguing MR behavior, and we have investigated this by powder neutron diffraction, as discussed below.
The crystal structure refinement of Mn 2 NiGa based on our powder neutron diffraction data could be performed with a tetragonal unit cell. The space group turns out to be I4=mmm with the following initial atomic positions: Ni and Mn Ni at 4d (0, 0.5, 0.25), Mn Mn at 2a (0, 0, 0) and Ga at 2b (0, 0, 0.5). Note that Mn X refers to a Mn atom at the XðX ¼ Ni; Mn; GaÞ atom site of Ni 2 MnGa where Ni, Mn, and Ga atoms occupy 4d, 2a, and 2b sites, respectively [ Fig. 2(e) ]. In our previous work [14] , we have shown that the stress present due to grinding the sample into powder stabilizes the tetragonal structure (i.e., the martensite phase) at 300 K even though it is above M s ð¼ 272 KÞ [22, 23] . However, a minuscule amount of the cubic phase is present, as observed earlier from diffraction studies [14, 25] .
To identify the site occupancies and disorder, the diffraction pattern above 2 ¼ 60 has been fitted. This is because the magnetic contribution in the peak intensities are very small in this 2 range. The sizable difference in the nuclear scattering amplitude for Ni, Mn, and Ga (10.3, À3:73, and 7.29 fm, respectively) allows the determination of the actual atomic occupancies and the degree of disorder in Mn 2 NiGa. Figures 2(a)-2(c) show a comparison of the fitting for (3 0 3) and (3 1 4) Bragg peaks for the different atomic structures. A fit without considering antisite disorder was unsatisfactory [ 2 ¼ 1:62, Fig. 2(a) ]. Consideration of antisite disorder between Ni-Mn Mn and Ni-Ga did not improve the fitting, while the fit improved to some extent when antisite disorder between Mn Mn and Ga was considered [ 2 ¼ 1:52, Fig. 2(b) ]. However, when antisite disorder between Mn Ni and Ga is considered, the best fit with lowest 2 ¼ 1:45 was obtained [ Fig. 2(c) ]. The Mn Ni -Ga antisite defects are shown in Fig. 2(f) . The refined site occupancies in Table I exhibit Mn Ni -Ga antisite disorder with about 13% of the Ga sites being occupied by the Mn atoms. The Ga atoms displaced from the 2b site occupy the 4d site.
The refinement for the full range considering both the structural and the magnetic part is shown in Fig. 2(d) . The refined moments at 4d, 2a, and 2b sites are À0:38, 1.32, and 0:3 B , respectively (Table I ). The negative moment at the 4d site indicates that Mn Ni and Mn Mn spins are antiparallel, which is in agreement with density functional theory [15, 16] . The moment of 0:3 B at the 2b site (Table I) arises primarily from Mn Ga , since Ga does not have magnetic moment. Interestingly, both 2a and 2b site moments are positive, indicating that Mn Mn and Mn Ga spins are in parallel orientation. However, it was observed that the 2b site moment is correlated with the isotropic displacement parameter resulting in a large uncertainty of the moment values. A large error of 60% for the 4d site with a 0:05 B moment was reported earlier; the difference of the moment values with our result is possibly because antisite disorder was not considered in Ref. [25] .
In order to theoretically estimate the magnetic moments in Mn 2 NiGa including the Mn Ni -Ga antisite disorder obtained from neutron diffraction, we have performed the SPRKKR calculations in the multiple scattering theory formalism within CPA [19] . In the calculation, the crystal structure as given in Table I has been used. For example, the occupancies considered at the sites 2b and 4d are Ga 0:88 þ Mn 0:12 and Ni 0:5 þ Mn 0:44 þ Ga 0:06 , respectively.
In complicated magnetic systems, the self-consistency calculations might converge to a local minimum [16, 26] [27] . On the other hand, Mn Ga is the next nearest neighbor of Mn Mn at a separation of 2.769 Å , and their interaction is ferromagnetic [28] .
The results of the refinement of the neutron diffraction data supported by theoretical calculations demonstrate the presence of FM clusters [shown schematically in Figs. 2(g) and 2(h) as light orange squares] due to Mn Ga -Mn Mn FM coupling originating from the antisite disorder. Since these defects are randomly distributed, an estimate of the cluster size is of the order of the unit cell, i.e., 6-7 Å (< 1 nm). Interestingly, evidence of a soft FM phase is observed as steps in the magnetization curve [shown by arrows in Figs. 1(e) and 1(f) ]. An estimate of the FM cluster moment from the size of the step is about 3 B at 300 K, assuming that one antisite defect constitutes the cluster and the result from neutron diffraction that 13% of the Ga sites are occupied by the Mn atoms. From our theoretical calculations, the cluster moment could be considered to be the moment in a unit cell with one Ga-Mn antisite defect. This turns out to be 4:25 B =f:u: at zero temperature. Therefore, there is a reasonable agreement between the theoretical and experimental estimates.
The shift in the hysteresis loop that is generally observed in exchange bias systems has not been observed by us at RT in Mn 2 NiGa polycrystal within our measurement accuracy after 5 T field cooling from 650 K. The absence of exchange bias is possibly related to the nanosize of the FM clusters. This argument is supported by the result that in 3 nm FM Co clusters with AFM CoO shell, exchange bias was not observed below a critical size because the anisotropic energy of the AFM shell is smaller than the interface exchange energy [29] . However, in spite of the FM clusters being small, being a transport property, MR is influenced sensitively by electron scattering. Initially, when a magnetic field is applied, the FM cluster moment and the net moment of the ferrimagnetic matrix are oriented parallel to the field direction. The moments at the interface are locked accordingly. When the magnetic field direction is changed, the moments at the interface will encounter a rotated or tilted frustrated state due to antiparallel alignment of the cluster and the matrix. A simplified version of this scenario is shown in Figs. 2(g) and 2 (h) for low field. Here, these two arrangements can result in different resistivities. Under free-electron approximation, the mean free path is estimated to be % 2 # A, as the resistivity is % 200 cm at 5 K. This is less than the average intercluster separation (> 20 # A) and suggests that interface scattering could be the origin of this effect. Since in the present case, ÁMR remains unchanged with varying temperature, it can be inferred that the mean free path variation (RRR 1.3-1.4) does not have significant effect on it.
In conclusion, a spin-valve-like effect in MR at room temperature originating from antisite disorder is demonstrated in Mn 2 NiGa. This effect persists over a wide temperature range 5-300 K and is observed for both polycrystal and single crystal specimens. Evidence of about 13% Mn Ni -Ga antisite disorder and the magnetic structure obtained from neutron diffraction supported by SPRKKR calculations and magnetization measurements establish the presence of soft ferromagnetic nanoclusters. These FM clusters that occur in the ferrimagnetic lattice due to antisite disorder are responsible for the spin-valve-like behavior of magnetoresistance in bulk Mn 2 NiGa. Further studies on controlled growth of FM nanoclusters in a bulk lattice may enhance ÁMR and also shed more light on the understanding of this effect.
